I. INTRODUCTION
Transit-time ultrasonic flow meters, measuring the time difference between upstream and downstream propagation of ultrasonic beams, have been widely utilized to obtain the average velocity of flow in many applications including natural gas flow rate measurement. The signal-to-noise ratio (SNR) of the ultrasonic signals frequently suffers from the sound drift effect, and thus, the detection probability of the time of arrival (ToA) and the range of the measurement are reduced [1] . Moreover, installation-induced errors of the transducers further degrade the measurement accuracy.
One possible solution to these problems is to use phased arrays instead of single transducers in the flow measurement. With a phased array, the bend of ultrasonic beams can be electronically and dynamically compensated using beam steering technique, and thus, the optimum SNR and a broader range of measurement can be achieved. In addition, multiple ultrasonic paths can be realized with an array so that the measurement accuracy can be further improved.
Flexural ultrasonic transducers, using bending modes of an elastic plate, can generate and receive ultrasound in low acoustic impedance fluids like air and water with high transduction efficiency, robustness and low cost. Combining flexural ultrasonic transducers with phased array technology, flexural ultrasonic phased arrays are a potentially economic, low-power and robust solution for flow measurement. This paper investigates the design, the fabrication and the characterization of two-dimensional flexural ultrasonic phased arrays, and studies their performance in flow tests.
II. DESIGN AND FABRICATION OF FLEXURAL ULTRASONIC PHASED ARRAYS
The structure of a two-dimensional flexural ultrasonic phased array is shown in figure 1 [2] . The array consists of a 36×36×0.25 mm 3 elastic titanium plate, 16 piezoelectric ceramic discs, each with a diameter of 6 mm and a thickness of 0.25 mm, a steel baffle with 16 holes in a 4×4 configuration, and a 36×36×8 mm 3 steel backplate. The baffle is bonded to the titanium plate, and the holes with a diameter of 6.6 mm and a pitch of 7.4 mm define the boundary conditions of the individual array elements. The piezoelectric discs are bonded to the 4×4 flexural elements, and conductive wires are soldered to the leads of the array (not shown in figure 1 ) via the holes in the backplate. The backplate is bonded to the baffle with adhesive to form an enclosed cavity to protect the piezoelectric discs and conductive wires and enhance the arrays' immunity to the surrounding electromagnetic interference. Moreover, with a backplate, the vibration performance of the array elements, in terms of amplitude, mode purity and mechanical crosstalk, can be significantly improved, which is discussed later.
When an alternating voltage is applied to the PZT discs, they vibrate with the flexural elements. Their mode frequencies and mode shapes are governed by the dimensions and the material properties of the plates, and can be calculated by the classical theory of vibration of plates [3] . Each flexural element can be considered as an edge-clamped elastic membrane vibrating in their resonant modes, and thus can directly generate and receive ultrasound efficiently in low acoustic impedance materials without the need for impedance matching layers, as many aircoupled ultrasonic transducers do.
978-1-5386-3383-0/17/$31.00 ©2017 IEEE Ten arrays have been assembled in the form shown in figure  1 . All parts of the arrays are bonded by a two-component epoxy (Araldite 2014). To ensure the bonding quality and the consistency of array elements, a pressure jig has been designed, which is illustrated in figure 2 . The membrane (elastic plate) is temporarily fixed to the rigid flat platform A using glue, and the two-component epoxy is evenly spread onto the membrane with K hand coater (RK PrintCoat Instruments Ltd.). The baffle is placed onto the membrane and fixed by the primary and the secondary baffle holders. PZT discs are placed into the 16 holes of the baffle on the membrane and compressed by 16 rigid pillars (not shown in figure 2 ) each of which is a flat surface at one end in contact with the discs and a spring to allow gradual pressure adjustment, by the control of the distance between platforms A and B. The position of the baffle, the membrane and the PZT discs are fixed by the baffle holders, the pillars and the PZT and pillar holder. The PZT and pillar holder and the two platforms are made of stainless steel machined by computer numerical control (CNC) milling machines, and the primary and the secondary baffle holders are made by a 3D printer. The distance between platforms A and B is adjusted by four pairs of bolts and nuts. Constant pressure is applied between the platforms during the curing process of the epoxy, and a torque wrench is utilized to tighten the bolts diagonally so that the pressure is uniformly and consistently distributed. After bonding the baffle and the PZT discs to the membrane, conductive wires are soldered to the electrodes of the discs, and the backplate is bonded to the baffle. Assembled arrays are shown in figure 3 , where figure 3(a) shows a partly assembled array with baffle, membrane, PZT discs and conductive wires, and figure 3 (b) shows two fabricated arrays in 3D-printed housings. 
III. CHARACTERIZATION OF FLEXURAL ULTRASONIC PHASED

ARRAYS
The electrical impedance of array elements is measured by an impedance analyser (Agilent 4294A). Figure 4 (a) shows typical impedance and phase spectra as functions of frequency of an array element before the backplate is bonded to the baffle, whilst figure 4 (b) shows these plots after the backplate is bonded. We observe that the centre frequency of the array element exhibits a minor change, from 48.23 kHz to 48.46 kHz, when the backplate is introduced. However, the mode purity and the transduction efficiency of the array element have both been significantly improved. This is most likely because the baffle alone is not sufficient to provide an ideal clamped-edge boundary condition for an array element, and several vibration modes coexist at the same time. Finite element simulation analysis, based on a 3D axisymmetric model [2] , indicates that the vibration of the array element also induces vibration in the baffle, and causes a series of additional vibration modes near the centre frequency. However, when a heavy and rigid backplate is applied, the vibration in the baffle is greatly suppressed, and the energy of the additional vibration modes is shifted to the fundamental (0,0) mode, resulting in a higher transduction efficiency. Moreover, as the vibration in the baffle is largely damped, the vibration energy penetrating through the walls of the baffle to the neighbouring elements is also significantly suppressed, which leads to a reduction of mechanical cross talk between array elements. Centre frequencies of array elements of a typical array are shown in table 1, where the frequencies range from approximately 47 kHz to 50 kHz, with a typical -6 dB bandwidth of 1.5 kHz. The flexural ultrasonic array is driven by an 8-cycle 48.5 kHz tone burst signal, and the vibration of the front face of the membrane of the array is scanned by a laser vibrometer (Polytec OFV-5000) with a step of 0.5 mm. When all array elements are driven simultaneously, the distribution of the normalized amplitude of vibration is shown in figure 5 (a) , which demonstrates high consistency of transduction efficiency of 978-1-5386-3383-0/17/$31.00 ©2017 IEEE array elements. The mode shapes of array elements shown in figure 5 (a) indicates that the array elements vibrate in the (0,0) mode, and no obvious debonding or weak bonding between the baffle and the backplate is observed. This suggests that an excellent bond quality has been achieved during the fabrication process. The amplitude distribution of the array for only one element being driven is shown in figure 5 (b) , showing that the amplitude of the passive elements is lower than 12% of the amplitude of the active element, demonstrating the crosstalk between neighbouring elements will not severely affect the performance of the array. 
IV. EXPERIMENTS
To study the performance of the flexural ultrasonic phased arrays, a nylon meter body is fabricated to accommodate the arrays with a commercial single ultrasonic transducer (PROWAVE 500MB120) included, as shown in figure 6 . The inner diameter of the meter body is 146 mm, and there is a flange at each end of the meter body for the connection with flow loops. Three 60 mm × 60 mm ports are machined in the meter body, and adapters are designed to ensure the single Another array, array (II) in figure 6, is also included in the meter body to perform measurement through reflected ultrasonic paths, which is not presented here. A 32-channel phased array control system (FIToolbox, Diagnostic Sonar, Livingston, United Kingdom) is used to control the arrays and the single transducer and acquire ultrasonic data. Channel 1 connects with the single transducer, channels 2 to 16 connect with array (II) and channels 17 to 32 connect with array (I). Each channel can operate in both transmitting mode and receiving mode.
Flow experiments have been conducted with a commercial flow rig at Honeywell Process Solutions, Mainz, Germany. The rig comprises a compressor (HVM 80-125 GR, Venti Oelde, Oelde, Germany) as a flow source and a calibrated mechanical flow meter (TRZ G1600 DN200, Elster Instromet, Mainz, Germany) as a reference meter. All experiments are conducted at constant room temperature in an open flow loop using air as the flowing medium. To efficiently acquire ultrasonic data, the full raw data (FRD) technique is utilized in the experiments. With this technique, each channel operates in a transmitting mode in turn, and meanwhile, all channels operate in a receiving mode so that the acquisition of data of all possible ultrasonic paths can be achieved. figure 8 , where Tx1 indicates that channel 1 is operating in the transmitting mode and Rx 27 denotes that channel 27 is operating in the receiving mode, and thus Tx1-Rx27 represents the ultrasound beam travelling downstream. Note that the main lobe of the single transducer (channel 1) faces to the centre of the array, the array element connected with channel 27 is near the centre of the array whereas the array element connected with channel 18 is further away from the centre. Thus, the amplitude of the signal increases with the increase of the flow rates when the ultrasonic beam travels from channel 18 to channel 1 and the amplitude decreases for the other three cases, primarily due to the sound drift effect. For a pair of single transducers used in the conventional transit-time flow measurement, the decrease of amplitude of signals due to the sound drift effect significantly limits the accuracy and the range of the measurement. With a phased array transducer, time delays can be applied to different channels either in the transmitting process or in the receiving (including post-processing) process, so that all received signals from different paths can be superposed in phase and thus sufficient signal-to-noise ratio is achieved at high flow rates.
To find out the optimum time delay of the signals of each channel, time of arrivals (ToAs) of the signals recorded by the FRD technique are measured using cross-correlation. The variation of time of arrivals of signals when ultrasonic beams travel upstream is shown in figure 9 (a) , where channel 1 operates in the transmitting mode and channels 17 to 32 operate in the receiving mode. The ToAs of the signals when the ultrasonic beams travel downstream are shown in figure 9 (b) , where channel 1 operates in the receiving mode and channels 17 to 32 operate in the transmitting mode. As expected, ToAs increase with the increase of flow rate when the ultrasound beams travel upstream and decrease when travelling downstream. The difference of the ToAs of signals between neighbouring columns of array elements becomes greater with the increase of flow rate when ultrasonic beams travel upstream and becomes smaller when travelling downstream. The difference of the ToAs corresponds to the optimum steering angle of the array operating in a beam steering mode. Assuming d is the pitch of the array element, c is the sound velocity, is the steering angle and is the difference of ToAs of signals between neighbouring array elements, the steering angle is given by:
The variation of the optimum steering angle with the increase of flow rates is then calculated based on equation (1), as shown in figure 10 . It can be demonstrated that when ultrasonic beams 3 /h. When ultrasonic beams travel downstream, the optimum steering increase of flow rate. The variation of the optimum steering angle shown in figure 10 suggests what steering angle should be chosen for the array to obtain the ultrasonic signals with optimal SNR, and also establishes a link between the flow rate and the steering angles so that the actual flow rate can be estimated based on a given optimum steering angle, which is in practice commonly measured by continuously sweeping the angle until the optimal SNR is achieved. 
V. CONCLUSIONS
The design, the fabrication and the characterization of twodimensional flexural ultrasonic phased arrays for flow measurement are presented in this paper. The arrays consist of a titanium plate, a steel baffle, a steel backplate and PZT discs. The backplate both enhances mechanical robustness of the arrays, and also effectively improves the performance of the arrays in terms of their transduction efficiency, mode purity and mechanical crosstalk. A meter body with an inner diameter of 146 mm is machined to accommodate the arrays. Flow tests are performed at different flow rates increasing from 0 to 2500 m 3 /h, and suggests that the optimum steering angle of the arrays beams travel downstream. By electronically adjusting the steering angle, the signal-to-noise ratio of ultrasonic signals can be effectively improved. This proof-of-concept design demonstrates the potential of flexural ultrasonic phased array as an economic, efficient, and robust solution for gas flow measurement. Future research will focus on the measurement of flow rates with multiple ultrasonic beam paths, with systems based on two-dimensional arrays, to further improve the accuracy of flow measurement.
